Abstract Biogenic amines are low molecular weight organic bases frequently found in wine. Several toxicological problems resulting from the ingestion of wine containing biogenic amines have been described. In wine, histamine, tyramine, and putrescine are mainly produced by the decarboxylation of the amino acid histidine, tyrosine, and ornithine, respectively, by lactic acid bacteria action. The bacterial ability to decarboxylate amino acids is highly variable, and therefore the detection of bacteria possessing amino acid decarboxylase activity is important to prevent biogenic amine accumulation in wine. Molecular methods for the early and rapid detection of these producer bacteria are becoming an alternative to traditional culture methods. Moreover, quantitative PCR methods are useful to enumerate biogenic amine-producer bacteria on wine. Molecular methods detect potential biogenic amine risk formation in wine before the amine is produced. This review will cover the molecular methods proposed in the literature for the detection of biogenic amine-producing bacteria in wine. These methods could improve winemaking control in order to avoid biogenic amine production.
Introduction
Biogenic amines are organic bases endowed with biological activity that are frequently found in wine. They are produced mainly as a consequence of the decarboxylation of amino acids. More than 25 different biogenic amines have been found in wines, with putrescine being the most abundant (Ancín-Azpilicueta et al. 2008) .
High concentrations of biogenic amines can cause undesirable physiological effects in sensitive humans, especially when alcohol is present. More specifically, histamine is known to cause headaches, low blood pressure, heart palpitations, edema, vomiting, and diarrhea. Tyramine and phenylethylamine can produce hypertension through the release of noradrenaline and norephedrine which are vasoconstrictor substances. Putrescine and cadaverine, although not toxic themselves, aggravate the adverse effects of histamine as they interfere with the enzymes that metabolize them (ten Brink et al. 1990 ). Some amines, such as putrescine, may already be present in grapes (Del Prete et al. 2009 ), whereas others can be formed and accumulated during winemaking (Ancín-Azpilicueta et al. 2008) .
The main factors affecting biogenic amine formation during vinification are the presence of free amino acid concentrations and the presence of microorganisms able to decarboxylate these amino acids. Amino acid concentration in grapes can be affected by fertilization treatments and, in wines, by winemaking practices such as time of maceration with skins, addition of nutrients, and racking protocols (Ancín-Azpilicueta et al. 2008) . In addition to the presence of the precursor amino acids, the concentration of biogenic amines in wines mainly depends on the presence and concentration of microorganisms possessing decarboxylase activity. The concentration of these microorganisms is affected by physicochemical factors of wine such as pH, temperature, or SO 2 addition (Lonvaud-Funel, 2001 ).
Biogenic amine producing bacteria on wine
Several authors have implicated yeast and lactic acid bacteria as responsible for the formation of amines in wine. However, some of these data were complex and contradictory. In a recent study, the biogenic amine production by 155 strains of lactic acid bacteria, 40 strains of acetic bacteria and 36 strains of yeast isolated from wine was analysed (Landete et al. 2007a ). Biogenic amine production was not observed by acetic bacteria and yeast; production of histamine, tyramine, phenylethylamine and putrescine was only found by lactic acid bacteria. These results confirm previous results obtained by several authors indicating that lactic acid bacteria are the microorganisms responsible for histamine, tyramine, phenylethylamine and putrescine production in wine (Lonvaud-Funel and Joyeux 1994; Le Jeune et al. 1995; Guerrini et al. 2002; Landete et al. 2005) . In these studies, several wine bacterial species were capable of decarboxylating one or more amino acids, and it was observed that the bacterial ability to decarboxylate amino acids was highly variable, this ability being straindependent rather than being related to a specific species (Lonvaud-Funel, 2001) .
Histamine is the most important amine in food-borne intoxications, due to its strong biological activity. The study of histamine in wine is of particular interest as the presence of alcohol and other amines promotes its adverse effects by inhibiting human detoxification systems (Ancín-Azpilicueta et al. 2008) . In order to prevent histamine synthesis, there is great interest in identifying and characterizing the bacteria which are able to produce histamine in wine (Landete et al. 2008) . The bacterial population in wine is a complex mixture of different species of lactic acid bacteria (Lactobacillus, Leuconostoc, Pediococcus and Oenococcus), with Oenococcus oeni as the predominant species during and after malolactic fermentation. It has been reported that some 7O. oeni strains are responsible for histamine accumulation in wine (Le Jeune et al. 1995; Coton et al. 1998b; Guerrini et al. 2002; Lucas et al. 2008 ). Other studies, on the contrary, did not find histamine production by O. oeni strains (Moreno-Arribas et al. 2003; Costantini et al. 2006 Costantini et al. , 2009 . Moreover, Landete et al. (2005) show that, in addition to O. oeni, Lactobacillus hilgardii, Lactobacillus mali, Leuconostoc mesenteroides and Pediococcus parvulus could contribute to the histamine synthesis in wine. It has also been reported that some histamine-producer species, such as O. oeni and L. hilgardii, retain or lose this ability depending on the culture conditions. Indeed, in these species, the gene involved in histamine production is located on an unstable plasmid, suggesting a cause for the great variability of the histamine production property among lactic acid bacteria (Lucas et al. 2005 .
The enzyme tyrosine decarboxylase (TDC) converts the amino acid tyrosine to the biogenic amine tyramine. It has been demonstrated that enterococcal tyrosine decarboxylase is also able to decarboxylate phenylalanine, an amino acid structurally related to tyrosine, originating the biogenic amine phenylethylamine (Marcobal et al. 2006a ). Some authors have demonstrated the simultaneous production of tyramine and phenylethylamine in lactic acid bacteria isolated from wine (Landete et al. 2007b ). Tyramine production is not a general trait among lactic acid bacteria. In wines, Lactobacillus brevis tyramine-producing strains have been frequently isolated (Moreno-Arribas et al. 2000; Lucas et al. 2003) ; however, L. hilgardii (Landete et al. 2007b) or Lactobacillus plantarum strains (Arena et al. 2007 ) are rarely found.
Putrescine is the most abundant biogenic amine found in wine and is mainly produced by the decarboxylation of ornithine. Putrescine production is a rare property among wine O. oeni strains. Marcobal et al. (2004 Marcobal et al. ( , 2006c identified a putrescine-producer O. oeni strain possessing an ornithine decarboxylase (ODC) enzyme; more recently, Izquierdo-Cañas et al. (2009) also found two wine strains able to produce putrescine. The presence of an ornithine decarboxylase gene in these strains was confirmed by molecular methods. It has also been reported that putrescine could be indirectly synthesized from arginine via two pathways (Arena and Manca de Nadra 2001) . Arginine can be converted to ornithine via the arginine deiminase pathway and then ornithine is decarboxylated by the ODC to form putrescine, or arginine is first decarboxylated by an arginine decarboxylase to form agmatine which is in turn converted into putrescine via the agmatine deiminase.
Detection of biogenic amine producing bacteria in wine
During the last two decades, methods for the detection of biogenic amine-producing lactic acid bacteria isolated from wine have been developed. Several detection methods are based on differential growth media signalling the increase of the pH upon biogenic amine formation. From wine bacteria, Landete et al. (2005) described an improved plate assay by using a differential medium (H-MDAmod) supplemented with natamycin. This medium incubated under anaerobic conditions constitutes an easy system to detect, by a purple halo, histamine producer-bacteria in wines. For the detection of wine tyramine producer bacteria, a Tyramine Production Medium (TPM) has also been described (Landete et al. 2007b) . In this medium, strains are considered tyramine producer when they develop a clear zone below the grown cells due to the solubilisation of tyrosine.
In addition to differential growth methods, enzymatic methods specific for the detection of histamine-producing bacteria have been described. These methods are based on the production of hydrogen peroxide by the action of an oxidase enzyme on the histamine. An enzymatic method which allows the detection of histamine concentrations below 0.5 mg/L, and could be used in synthetic media and grape must and wines, was described by Landete et al. (2004) . Among the different chromatographic techniques recommended for identification of biogenic amine, thin layer chromatography (García-Moruno et al. 2005 ) and high performance liquid chromatography have been the most useful (Marcobal et al. 2006b; Ancín-Azpilicueta et al. 2008) .
However, the detection of biogenic amine-producing bacteria by conventional culture techniques is sometimes tedious and unreliable, exhibiting disadvantages such as lack of speed, appearance of false positive/negative results, low sensibility, requirements for costly and sophisticated equipment, such as HPLC, or that only one biogenic amine is detected. Molecular methods for detection and identification of food-borne bacteria are becoming an alternative to traditional culture methods. Molecular methods are fast, reliable and culture-independent; they are an interesting alternative to solve the shortcomings of traditional methods. Moreover, molecular methods detect potential biogenic amine formation risk in wine before the amine is produced. Since during the last decade several molecular methods have been described for the unambiguous detection of bacteria capable of producing one or several biogenic amines, this review aims to provide information about PCR methods proposed in the literature for the detection of biogenic amine-producing bacteria in wines.
PCR detection of wine bacteria producing histamine
Histamine in wine is produced by lactic acid bacteria during the vinification process. Rapid detection of histamineproducing bacteria is important for detecting and preventing microbial contamination and high levels of histamine. Since histamine is the decarboxylation product of histidine catalysed specifically by the enzyme histidine decarboxylase (HDC), it is possible to develop a molecular detection method that detects the presence of the gene encoding this enzyme. Pyruvoyl-dependent HDC are present in lactic acid bacteria involved in wine fermentation, such as O. oeni (Lonvaud-Funel and Joyeux 1994; Coton et al. 1998a Coton et al. , 1998b Lucas et al. 2008 ) and L. hilgardii (Lucas et al. 2005 ).
To detect histamine-producing lactic acid bacteria, Le Jeune et al. (1995) designed several oligonucleotide primers (CL1, CL2, JV16HC, and JV17HC) (Table 1) based on the comparison of the nucleotide sequences of HDC-encoding genes (hdc) from Gram-positive bacteria. Primer sets JV16HC/JV17HC, CL1/CL2, and CL1/JV17HC were amplified by PCR internal fragments of 370, 150 or 500 pb, respectively, of the hdc gene. The JV16HC/ JV17HC primer set was shown to be suitable for the detection of all histamine-producing lactic acid bacteria analysed (Fig. 1a) . The authors demonstrated that all strains identified as histamine producers gave a positive PCR result. Moreover, strains which did not exhibit HDC activity failed to give a signal in the PCR assay. Later, in order to reduce the time of these tests to determine the frequency and distribution of histamine-producing bacteria in wines, Coton et al. (1998a) applied them directly in wine samples. They used CL1 and JV17, a slightly modified version of JV17HC primer (Table 1) , to analyse the presence of histamine-producing bacteria directly in wine samples. Landete et al. (2005) found that some lactic acid bacteria positive for histamine production were not amplified with JV16HC/JV17HC primers under the conditions originally described by Le Jeune et al. (1995) . As only 56% of the O. oeni histamine-producing strains showed amplification for hdc, they modified the original CL1 primer sequence and designed the CL1mod primer (Table 1) . By using the CL1mod/JV17HC primer set, all histamine-producing O. oeni strains were positive in the PCR test. Costantini et al. (2006) used the CL1/JV17HC primer set to study the potential to produce histamine in 133 lactic acid bacteria strains isolated from wines of different origins. Only one L. hilgardii strain was positive. Since none of the O. oeni strains analysed gave a positive PCR response, Costantini et al. (2006) designed a new primer set, PHDC1/PHDC2 (Table 1) based specifically on the O. oeni hdc sequence. The new PCR results confirmed the preceding data; none of the O. oeni strains analysed was able to produce histamine. Costantini et al. (2009) used the primer set PHDC1/PHDC2 with similar results for Oenococcus oeni commercial starter. By using these primers, it was demonstrated that commercial yeast starter preparations contained lactic acid bacteria contaminants carrying the hdc gene. These lactic acid bacteria were identified as Lactobacillus parabuchneri and Lactobacillus rossiae. Recently, the primer set JV16HC and JV17HC was used by Ruiz et al. (2010) to study the presence of the hdc gene in 8 O. oeni strains isolated from tempranillo wine samples; however, none O. oeni strains analysed carried the hdc gene. The primer set JV16HC and JV17HC was also used by Izquierdo-Cañas et al. (2009) to analyse the histamine production in 90 strains of O. oeni. Only two strains were able to produce histamine and the presence of hdc gene was confirmed on these strains. Lactic acid bacteria involved in wine processing could decarboxylate tyrosine to produce tyramine. Concerning tyrosine decarboxylases (TDC), only enzymes using pyridoxal phosphate as a cofactor have been described. It has been demonstrated that enterococcal TDC is also able to decarboxylate phenylalanine, an amino acid structurally related to tyrosine, originating the biogenic amine phenylethylamine (Marcobal et al. 2006a ). Landete et al. (2007b) demonstrated that phenylethylamine production is always associated with tyramine production in lactic acid bacteria. Therefore, the oligonucleotide primers described for the detection of the tdc gene, are also useful for the detection of phenylethylamine-producing bacteria.
In wine, tyramine-producer bacteria belong mainly to the genera Lactobacillus and Enterococcus. Lucas and Lonvaud-Funel (2002) designed a degenerate primer set P2-for/P1-rev (Table 1) to detect tdc gene fragments in L. brevis strains. Marcobal et al. (2005) used the P2-for/P1-rev primer set in a multiplex PCR assay useful for the detection of the tyramine-producer bacteria present in a wine bacterial collection. Costantini et al. (2006) also used the P2-for/P1-rev primer set to amplify the tdc gene from 133 strains isolated from wine and must. They also designed a new primer set, Pt3/Pt4 (Table 1) , based on the L. brevis and Enterococcus faecalis tdc nucleotide sequences. The results obtained with both sets of primers were the same. Only four positive strains were found, all belonging to the L. brevis species. Later, similar results were obtained with the primer set Pt3/Pt4 by Costantini et al. (2009) as only L. brevis strains were found carrying the tdc gene. P1-rev primer was used in combination with p0303 primer (Table 1, Fig. 1b) to analyse by PCR the presence of the tdc gene in 150 lactic acid bacteria strains isolated from wine (Landete et al. 2007b) . All the 32 strains that gave a positive PCR amplification were tyramine producers in tyramine production media (TPM), and the tyramine produced was quantified by HPLC.
PCR detection of wine bacteria producing putrescine
Ornithine decarboxylase (ODC) is a PLP-dependent enzyme which catalyses the conversion of ornithine to putrescine. Marcobal et al. (2004) reported the identification of an ornithine decarboxylase gene (odc) in the putrescine-producing O. oeni RM83 strain by using the 3/16 primer set (Table 1, Fig. 1c ). These primers were designed based on two conserved domains from an alignment of ODC proteins. In addition, they designed two new primers, 4 and 15 (Table 3) ; these four primers could be combined resulting in four primer sets, 3/4, 15/16, 3/16, and 4/ 15. The method was useful for the detection of putrescine-producing bacteria present in a wine bacterial collection. For the detection of putrescine-producer wine lactic acid bacteria, Costantini et al. (2006) designed two new primers, AODC1 and AODC2 (Table 1) , based on the odc nucleotide sequences from Lactobacillus strain 30a and O. oeni RM83. Costantini et al. (2009) by using primers 16 and AODC1 reported that none of the bacteria analysed carried the odc gene. Recently, the primer set 3/16 was used by Ruiz et al. (2010) to analyse for the presence of odc gene in O. oeni strains. They found that none of the O. oeni strains analysed carried the odc gene. IzquierdoCañas et al. (2009) analysed putrescine production in 90 strains of O. oeni; only two strains were able to produce putrescine and the presence of odc gene was confirmed by primer set 3/16.
Simultaneous PCR detection of wine bacteria producing biogenic amines
The multiplex PCR assay provides a technique that could be successfully used for the routine detection of strains that are potential producers of histamine, tyramine/phenylethylamine and putrescine in wine. All target genes can be detected at one time in the same PCR assay. Therefore, the multiplex PCR assays reduce reagent quantities and labour costs. Several multiplex PCR assays, based on primers targeting amino acid decarboxylase gene sequences, have been developed De las Rivas et al. 2005 Coton and Coton 2005) . As histamine, tyramine and putrescine are the main biogenic amines found in wine, a multiplex PCR assay for the detection of histamine-, tyramine-and putrescine-producing lactic acid bacteria was developed by Marcobal et al. (2005) . They selected three primer sets, JV16HC/ JV17HC, P1-rev/P2-for, and 3/16 (Table 1) , for the detection of the hdc, tdc and odc genes, respectively. Under the optimised conditions, the assay yielded DNA fragments of 367-, 924-, and 1,446-bp DNA of hdc, tdc, and odc genes, respectively (Fig. 2) . For multiplex PCR, conditions were as described for the uniplex reaction except that the relative concentration of the primers was optimised by checking on increasing or decreasing primer concentration. When the DNA of several target organisms was included in the same reaction, two or three corresponding amplicons of different sizes were observed. This assay was useful for the detection of biogenic amine-producing bacteria present in a wine bacterial collection .
Quantitative PCR detection of wine bacteria producing biogenic amines
Quantitative PCR (QPCR) has also been used to detect and count biogenic amine-producing lactic acid bacteria in food (Fernández et al. 2006; Ladero et al. 2008; Torriani et al. 2008) . QPCR methods offer several advantages, for example they determine the population of bacteria-producing biogenic amines, they are less time-consuming than regular PCR, they allow a continuous monitoring of the PCR amplification process, they can be used at any point in the manufacturing process, and a large number of samples can be processed simultaneously. However, QPCR assays possess several shortcomings such as not discriminating between live and dead cells nor between functional genes and pseudogenes.
A method based on QPCR was developed by Lucas et al. (2008) to detect and count histamine-producing lactic acid bacteria in wine. Primers hdcAf and hdcAr (Table 1) were designed on the basis of the sequences of hdcA genes available from databases. This primer set amplifies an 84-bp internal region of hdc gene. Optimal QPCR conditions allowed amplification of a PCR product with a melting temperature of 80.5±0.5°C. This method makes it possible to detect just one histamine-producing bacteria per ml of wine, even in the presence of polyphenols or of a large excess of yeasts in the wine. Although the method was based on a standard curve made with L. hilgardii DNA, it is assumed that it could be efficient to enumerate histamine-producing O. oeni cells. The threshold values obtained with standard samples correlated well with populations of histamine-producing lactic acid bacteria in the range of 1 to 10 7 CFU/ml. Therefore, this method could be employed to count histamine-producing lactic acid bacteria at any stage of winemaking. Lucas et al. (2008) applied this method to 264 wines collected in wineries during malolactic fermentation and found that almost all the wines were contaminated by histamine-producing lactic acid bacteria, exceeding 10 3 CFU per ml in 70% of the samples. The results shown by Lucas et al. (2008) suggest that the risk of histamine production exists in almost all wines and is important when the population of histamine-producing bacteria exceeds 10 3 cells per ml. Nannelli et al. (2008) developed a QPCR method that allows the enumeration of lactic acid bacteria-producing tyramine in wines. Primers tdcf and tdcr (Table 1) used for QPCR were designed based on conserved regions of tdc genes available in databanks. This primer set amplifies a 103-bp internal region of tdc, and under optimal QPCR conditions allowed amplification of a PCR product with a melting temperature of 82.0± 0.5°C. The presence of tyramine-producing lactic acid bacteria was investigated in 102 wine samples by this QPCR method. The population of lactic acid bacteria carrying the tdc gene remained quite low (<10 3 cells/ml). Nannelli et al. (2008) also observed that only wines containing more than 10 3 tyramineproducing cells/ml contained tyramine concentrations above 1 mg/l. Nannelli et al. (2008) also developed QPCR methods for the enumeration of lactic acid bacteria-producing putrescine in wines. Primers used for QPCR were designed in conserved regions of odc and agdi genes identified after the alignment of nucleotide sequences available in databanks. The odcf and odcr primers (Table 1) were designed from an alignment of genes coding for the wellcharacterised ODCs (O. oeni RM83 and Lactobacillus sp. 30a) among other ODC sequences. This primer set amplifies a 127-bp odc internal region which under optimal QPCR conditions allowed amplification of a PCR product with a melting temperature of 81.0±0.5°C. In addition, primers agdif and agdir (Table 1) were designed from the alignment of agmatine deiminase proteins including those from L. brevis and Pediococcus pentosaceus. This primer set amplifies a 90-bp internal region of agdi which under optimal QPCR conditions allowed amplification of a PCR product with a melting temperature of 85.0±0.5°C. Nannelli et al. (2008) described that the level of putrescine correlated well with the population of lactic acid bacteria carrying the odc gene; in contrast, no correspondence was denoted with the populations of lactic acid bacteria carrying the agdi gene.
Conclusions
Although amino acid decarboxylases are not widely distributed among bacteria, some species of wine bacteria 1 2 odc tdc hdc Fig. 2 Simultaneous PCR amplification of wine bacteria producing histamine, tyramine and putrescine. A multiplex PCR assay was used to amplify DNA fragments from a sample containing histamine-and putrescine-producer Lactobacillus 30a and the tyramine-producer Lactobacillus brevis CECT 5354 (1). A negative sample without biogenic amine producer bacteria is also shown (2). A DNA marker (λ HindIII/EcoRI) is included on the right. The amplified decarboxylase fragments are indicated are capable of decarboxylating one or more amino acids. The ability of microorganisms to decarboxylate amino acids is highly variable. It depends not only on the species but also on the strain and the environmental conditions. Molecular techniques offer fast, easy, and reliable methods for analysing wine samples (at any step in the elaboration process) for the presence of biogenic amine-producing bacteria. PCR assays provide methods that can be successfully used for the routine detection of bacterial strains potentially producers of histamine, tyramine and putrescine in wine. These are highly specific methods, and their results are easy to interpret as compared to other conventional methods. Analysis of wines by QPCR methods reveals the population of bacteria able to produce biogenic amine in a specific wine. Determination of biogenic amine-producing lactic acid bacteria in wine by PCR methods is a useful approach for predicting the risk of biogenic amine accumulation. However, it cannot indicate the final concentration of biogenic amine that will appear in wine.
